The distribution of several pathogenic helminth infections coincides geographically with many devastating microbial diseases, including enteric bacterial infections. To dissect the mechanisms by which helminths modulate the host's response to enteric bacteria and bacteriamediated intestinal inflammation, we have recently established a coinfection model and shown that coinfection with the helminth Heligmosomoides polygyrus exacerbates colitis induced by infection with the Gram-negative bacterial pathogen Citrobacter rodentium. The disease severity of the coinfected mice was correlated with high Citrobacter loads in the gut, translocation of the bacteria into mucosal and systemic immune compartments, delayed bacterial clearance, and a significantly enhanced colonic TNF-␣ response. In the present study, using our in vivo coinfection model as well as in vitro approaches, we test the hypothesis that the phenotypic and functional alterations in macrophages induced by the helminth-driven T cell response may contribute to the observed alterations in the response to C. rodentium. We show that via a STAT6-dependent mechanism H. polygyrus coinfection results in a marked infiltration into the colonic lamina propria of F4/80 ؉ cells that have the phenotype of alternatively activated macrophages. Functional analysis of these macrophages further shows that they are impaired in their killing of internalized bacteria. Yet, these cells produce an enhanced amount of TNF-␣ in response to C. rodentium infection. These results demonstrate that helminth infection can impair host protection against concurrent enteric bacterial infection and promote bacteria-induced intestinal injury through a mechanism that involves the induction of alternatively activated macrophages.
T he major importance of helminth infections includes not only the direct pathogenic effect of the worms but also the modulatory role of the parasite on the host immune system, which may alter the response to other Ags or pathogens and cause additional immunopathology. Helminth infection has been shown to dampen Th1 reactions to other infections (1) (2) (3) (4) . This ability to attenuate damaging Th1-driven inflammatory responses in the host (5) (6) (7) (8) has prompted the evaluation of helminth as a therapeutic agent for the treatment of some immune-mediated disorders, including certain types of inflammatory bowel diseases (9) . Considering the profound immune activation and dysregulation induced by helminth parasites, the overlapping geographic distributions of helminth and bacterial infections, and the potential to modulate bacteria-associated intestinal inflammation, we have recently established a coinfection model system to facilitate detailed analysis of the combined effects of helminth and bacterial pathogens on host responses. This model involves two murine enteric infectious agents that induce distinct Th responses: 1) the Th2-inducing helminth Heligomosomoides polygyrus; and 2) the Th1-inducing bacterial pathogen Citrobacter rodentium (10, 11) . C. rodentium is a mouse pathogen that colonizes the distal colon and causes pathological changes that are similar to those seen in some types of human infectious enteritis. It has been used as a model for studying host responses to human pathogens that use attaching and effacing lesion formation for epithelial colonization such as enteropathogenic Escherichia coli (EPEC), the most important causative agent of severe infantile diarrhea (10, (12) (13) (14) (15) . We recently showed that coinfection with H. polygyrus resulted in exacerbation of C. rodentium-induced colitis, which was associated with high bacterial loads in the gut, translocation into mucosal and systemic immune compartments, delayed bacterial clearance, and a significantly enhanced colonic TNF-␣ response (16) .
Macrophages, the major population of tissue-resident mononuclear phagocytes, contribute significantly to the effector phase of the immune response, i.e., elimination of bacteria, and are also thought to be critical mediators of many chronic inflammatory diseases. Activation of macrophages by bacterial products (through TLR engagement) or proinflammatory stimuli such as Th1 cytokines leads to the development of the classically activated macrophages, which play an important role in the antimicrobial innate immunity of the host (17) . In contrast, helminth infection and helminth infection-induced-Th2 cytokine responses have been suggested to affect macrophages by inducing the alternatively activated phenotype (18) . One of the distinctive characteristics of this type of macrophage is the ability to suppress the proliferation of other cells with which they are cocultured (19, 20) . They can negatively regulate classically activated macrophages and Th1 cell generation (18, 21) . Recent evidence indicates that the alternatively activated macrophages can function as important effector cells mediating host protection against the nematode parasite (22) . Although the results from these studies have begun shedding some light on our understanding of the functional differences between various macrophage subpopulation(s), the diverse activities and functional significance of alternatively activated macrophages are still not fully understood. Because exposure to helminth and simultaneous infections with other pathogens or Ags are common in developing countries and because helminths may have potential to be used as therapeutic agents for some immune mediated disorders, a better understanding of the mechanism(s) by which helminths modulate a host's immune responses to other concomitant infections or Ags, such as vaccines, may have significant implications.
In the current study, we use the model of H. polygyrus and C. rodentium coinfection to determine the influence of potent helminth-induced Th2 activation signals on the phenotype and function of macrophages that are concomitantly exposed to enteric bacterial pathogens. We show that a primary infection with H. polygyrus induces the development of alternatively activated macrophages both mucosally and systemically. We further show that the exacerbated C. rodentium-mediated colitis that develops in H. polygyrus-coinfected mice correlates with a marked increase of F4/80 ϩ macrophages in the colonic lamina propria (LP) 3 via a STAT6-dependent mechanism. These cells display the phenotype of alternative activation based on the expression of a number of characteristic molecules. Functional analysis of these cells further shows that macrophages stimulated by helminth infection are impaired in their ability to kill internalized bacteria, yet produce an enhanced amount of TNF-␣. These results, therefore, demonstrate a significant role for helminth-induced phenotypic and functional alterations of macrophages in the immune modulation of intestinal mucosal responses to concurrent enteric bacterial infection.
Materials and Methods

Mice
Six-to 8-wk old female BALB/c ByJ and STAT6 knockout (on BALB/c background) mice were purchased from The Jackson Laboratory, fed autoclaved food and water, and maintained in a specific pathogen-free facility at Massachusetts General Hospital (Charlestown, MA).
H. polygyrus infection
H. polygyrus was propagated as previously described and stored at 4°C until use (23) . Mice were inoculated orally with 200 third-stage larvae (L 3 ). Seven days following parasitic infection, a subset of the H. polygyrusinfected mice were fed C. rodentium.
C. rodentium infection
Mice were orally inoculated with C. rodentium (strain DBS100 from American Type Culture Collection). Bacteria were grown overnight in Luria broth (LB) and resuspended in PBS before infecting the mice (0.5 ml/mouse; ϳ5 ϫ 10 8 CFU of C. rodentium). GFP-expressing C. rodentium (GFP-C. rodentium) (provided by Dr. L. Bry at Brigham and Women's Hospital, Boston, MA) were grown overnight in LB containing carbenicillin (100 g/ml) and resuspended in PBS before in vitro infection assay.
Macrophage isolation
At necropsy, mesenteric lymph node (MLN), spleen, and colon tissues were collected, and macrophages were isolated from various tissues. The colon tissues were removed and washed thoroughly with cold PBS without calcium and magnesium. Colonic epithelial cells and LP lymphocytes were removed. Briefly, colonic tissues were placed in 100 ml of 1 mM EDTA and incubated twice at 37°C with stirring. After the EDTA treatment, tissues were washed in complete DMEM (Invitrogen Life Technologies; complete DMEM contains 10% FCS, 10 mM HEPES, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 50 M 2-ME, 0.1 mM nonessential amino acids, and 1 mM sodium pyruvate) for 10 min at room temperature and then placed into 50 ml of DMEM containing 10% FCS and incubated for 15 min at 37°C with stirring. The tissues and medium were transferred to a 50-ml tube and shaken vigorously for 15 s, and the medium containing epithelial cells was removed. The MLN and spleen were dissected and the tissues were cut into small pieces and incubated in RPMI 1640 medium containing collagenase type VIII at 200 U/ml (SigmaAldrich) for 50 min at 37°C while stirring. Supernatants containing cells were collected and the cells were washed and then resuspended in complete RPMI 1640 medium. The cells were centrifuged over a 70/30% Percoll step gradient and the mononuclear cells were isolated from the gradient interphase. F4/80 ϩ macrophages were purified with biotin-conjugated F4/80 (rat IgG2a; Caltag Laboratories) and streptavidin microbeads (Miltenyi Biotec) by using magnetic sorting (Miltenyi Biotec). The peritoneal macrophages were collected from mice infected with helminth (3 wk after H. polygyrus infection) or uninfected control mice. After incubation in complete DMEM for 2 h, nonadherent cells were removed by washing and the cells were cultured overnight. The adherent peritoneal macrophages were then used for in vitro infection experiments. 
FACS analysis
Real-time quantitative RT-PCR
Total RNA was isolated from colon tissues and purified F4/80 ϩ macrophages obtained from colonic LP, MLN, spleens or the peritoneal cavity using TRIzol reagent (Invitrogen Life Technologies) following the manufacturer's instruction. cDNA was synthesized using 2 g of target RNA (Ready-to-Go kit; GE Healthcare). The cDNA samples were then tested for the expression of iNOS, FIZZ1, YM1, and arginase 1 (Arg1) by real-time RT-PCR. Real-time RT-PCR was performed using SYBR Green PCR Master Mix for 38 cycles on an Opticon ⌱⌱ DNA engine (MJ Research). ␤-Actin was used as an internal control. Negative controls included the amplification of samples without prior reverse-transcription reaction. LightCycler relative quantification software was used to normalize data to the same ␤-actin mRNA level. Reactions were set up using QuantiTect SYBR green RT-PCR kit reagents according to manufacturer's instructions. Samples were run in triplicate. The sequences for the sense and antisense primers used to quantify mRNA are: ␤-actin, 5Ј-TGGAATCCT GTGGCATCCATGAAAC-3Ј and 5Ј-TAAAACGCAGCTCAGTAACAG TCCG-3Ј; Arg1, 5Ј-CAGAAGAATGGAAGAGTCAG-3Ј and 5Ј-CAGAT ATGCAGGGAGTCACC-3Ј; Ym1, 5Ј-TCACAGGTCTGGCAATTCTTC TG-3Ј and 5Ј-TTTGTCCTTAGGAGGGCTTCCTC-3Ј; Fizz1, 5Ј-TCCCA GATACTGATGAGA-3Ј and 5Ј-CCACTCTGGATCTCCCAAGA-3Ј; and iNOS2, 5Ј-CTGGAGGAGCTCCTGCCTCATG-3Ј and 5Ј-GCAGCATC CCCTCTGATGGTG-3Ј.
Gentamicin protection assay
Macrophages from MLN, spleen, or peritoneal cavity of helminth-infected or noninfected mice were isolated using density gradient centrifugation and plastic adherence. Briefly, the cells were incubated in a 24-well plate in complete DMEM for 2 h and nonadherent cells were removed by washing. The adherent cells were incubated in complete DMEM at 37°C overnight and then infected for 1 h with 10 7 C. rodentium (multiplicity of infection of 10:1) in antibiotic-free medium. After completion of the infection period the cells were washed with cold PBS (ϫ3) and incubated with gentamicincontaining medium (100 g/ml) for 2 h, which kills the extracellular bacteria. Because gentamicin is not cell permeable, intracellular bacteria are not killed by this antibiotic. The cells were then washed (ϫ3) with sterile PBS and then lysed immediately in 0.2 ml of sterile 1% Triton X-100 in water or, after a further 4 h, in medium containing 10 g/ml gentamicin. The lysates were mixed with 0.8 ml of PBS and serial dilutions were made before plating 100 l of the appropriate dilutions on LB agar. Colonies were counted after overnight incubation at 37 o C and the number of bacteria present inside the cells at each time point was calculated. At both 2 and 6 h after bacterial infection the culture supernatants were also collected for TNF-␣ determination.
Measurement of macrophage TNF-␣ production
TNF-␣ was measured using ELISA as previously described (16) . ELISA capture (MP6-XT22) and biotinylated second Abs (C1150-14) were purchased from BD Pharmingen. Standard curves were obtained using recombinant murine TNF-␣ (BD Pharmingen).
Immunofluorescence microscopy
Colon tissues were frozen in Tissue-Tek OCT compound. Five-micrometer sections were cut on a cryostat and fixed in ice cold acetone. The sections were then washed and blocked with avidin/biotin blocking agent (Vector Laboratories). To examine intestinal macrophages, the sections were stained with FITC-labeled anti-mouse Mac-1 (BD Pharmingen) and/or biotin-labeled antimouse F4/80 (BD Pharmingen) followed by incubation with streptavidin-Cy3 (Cedarlane Laboratories). Alternatively activated macrophages were identified by staining with anti-F4/80 and anti-CD206-Alexa 647 (Serotec). TNF-␣ producing macrophages were identified by staining with anti-F4/80 or anti-CD206 together with anti-mouse TNF-␣ Alexa Fluor 488 (BD Biosciences). Sections were analyzed by immunofluorescence microscopy.
To further determine the functional impact of helminth infection on macrophages, peritoneal macrophages were collected from normal and helminth-infected mice, grown on coverslips, and infected with GFP-expressing C. rodentium. The cells were stained with anti-F4/80 or anti-CD206-Alexa-647 at both 2 and 6 h after infection. Internalization and elimination of bacteria by macrophages were visualized by detecting GFP-C. rodentium in infected macrophages.
Statistical analysis
All results were expressed as the mean Ϯ SEM. N refers to the number of mice used. Statistical differences were determined using a two-tailed Student's t test with GraphPad Prism (GraphPad Software). p Ͻ 0.05 was considered significant.
Results
Helminth-induced exacerbation of bacteria-mediated colitis is associated with an increased infiltration of macrophages into colonic tissue
Infection with C. rodentium results in bacterial colonization of the intestine and colonic crypt hyperplasia. Recently, we showed that mice that were coinfected with an intestinal nematode parasite, H. polygyrus, developed an exacerbated C. rodentium-induced intestinal inflammation that was associated with higher bacterial loads, suppression of Th1 cytokine response (IFN-␥), and up-regulation of IL-4 and TNF-␣ response (16) . Furthermore, in additional studies we observed that coinfection with both H. polygyrus and C. rodentium results in a significant augmentation in the number of dendritic cells (DCs) in the intestinal mucosa, providing evidence that H. polygyrus infection may alter the responses of innate immune cells to concurrent enteric bacterial pathogens (24) . DCs play an important role in initiating and regulating host immune responses, whereas macrophages, the major population of tissue resident mononuclear phagocytes, contribute significantly to the effector phase, i.e., elimination of bacteria, and are also thought to be critical mediators of many chronic inflammatory diseases. In this study, we tested the hypothesis that intestinal helminth infection may induce phenotypic and functional alterations in macrophages, contributing to the observed impaired protection and the increase in disease severity in H. polygyrus-coinfected mice (16, 24) . To determine whether helminth coinfection alters intestinal macrophage response to a subsequent enteric bacterial infection, we infected BALB/c mice with H. polygyrus and inoculated them with C. rodentium 7 days later. Using immunofluorescence microscopic techniques, we compared the abundance of macrophages in colonic tissue among various groups at 14 days after bacterial infection. Our results show that infection with C. rodentium alone results in an increase in intestinal F4/80 ϩ macrophage compared with an uninfected control ( Fig. 1) . Helminth infection alone also induces increased colonic macrophage accumulation (Fig. 1C ). More significantly, helminth and C. rodentium coinfection results in a pronounced increase in colonic LP macrophages as evidenced by an increase in CD11b ϩ and/or F4/80 ϩ cells (a pan marker of macrophages) (Fig. 1D) . The striking macrophage accumulation observed (quantitated in Fig. 1E ) suggests that the small intestinal nematode infection (H. polygyrus) is capable of altering the macrophage response to concurrently exposed colonic bacterial pathogens. The increase in colonic macrophage infiltration detected in mice with coinfection of H. polygyrus and C. rodentium is correlated with impaired bacterial clearance (Fig. 1F ) and a more severe C. rodentiummediated intestinal injury, including epithelial cell hyperplasia, colonic crypt elongation, epithelial erosions, and edema of the gut wall (Ref. 16 and data not shown).
To further examine the influence of helminth coinfection on mucosal macrophage responses to concurrent enteric bacterial infection, we compared the frequency and activation status of macrophages in the MLN among various groups by using FACS. The results in Fig. 1G show that helminth coinfection results in an increase in the frequency of CD11b ϩ macrophages in the MLN. H. polygyrus coinfection also enhances the activation status of macrophages as evidenced by up-regulation of the expression of MHC II (Fig. 1H) .
Primary infection with H. polygyrus stimulates the development of alternatively activated macrophages in mice
A series of recent studies have suggested that the Th2 cytokine response induced by nematode parasites stimulates the development of alternatively activated macrophages (25) , a phenotype that is associated with the expression of a specific set of genes, including Ym1, Fizz1/REM-a, and Arg1 (26, 27) . To determine whether primary infection with H. polygyrus, which is usually chronic in nature, induces the development of alternatively activated macrophages, we infected BALB/c mice with H. polygyrus and isolated F4/80 ϩ macrophages 3-4 wk after infection. Gene expression for Fizz1, Ym1, and Arg1 from purified F4/80 ϩ macrophages isolated from MLN, spleen, colonic LP, and peritoneal cavity of helminth-infected and uninfected mice was determined by real-time RT-PCR. The results show that F4/80 ϩ macrophages isolated from various tissues of mice with primary H. polygyrus infection display a marked up-regulation of Fizz1 ( Fig. 2A) , Ym1 (Fig. 2B) , and Arg1 (Fig. 2C) expression. This pattern of gene expression was observed in the colon as early as 7 days after helminth infection (Fig. 2D) , the time at which C. rodentium was introduced. The data, therefore, demonstrate that a primary infection with the intestinal nematode parasite H. polygyrus induces the development of alternatively activated macrophages in mice both mucosally and systemically.
Both alternatively and classically activated macrophages are present in the colonic LP of mice coinfected with helminth and C. rodentium
Next, we examined whether helminth infection induces phenotypical alterations in infiltrating macrophages in the intestinal mucosa in mice that were preinfected with H. polygyrus and subsequently exposed to C. rodentium. Using quantitative real-time RT-PCR, we analyzed the expression of macrophage genes associated with the alternatively activated phenotype (Arg1, Ym1, and Fizz1) as well as the expression of iNOS, a gene that is associated with classically activated macrophages, in the colonic tissues from normal, C. rodentium-infected, H. polygyrus-infected, and coinfected mice. As shown in Fig. 3 , helminth infection alone induces a dramatic up-regulation of Arg1, Fizz1, and Ym1 expression, indicating the induction of alternatively activated macrophages in the colonic tissue of helminth-infected mice, whereas a marked decrease in these gene expression levels is detected in the colon of mice that are infected with C. rodentium. In contrast the expression of iNOS shows the inverse pattern, with low levels in helminth-infected mice and a marked up-regulation in C. rodentium-infected animals. These observations indicate that helminth and bacterial infection induced the development and/or recruitment of a macrophage population that is dominated by either alternatively activated or classically activated cells, respectively. In animals coinfected with C. rodentium and H. polygyrus, both types of macrophages are present in the colon, as indicated by increased expression of genes corresponding to the alternatively (Arg1, Ym1, and Fizz1) and classically (iNOS) activated phenotypes. 8 CFU) 7 days later. Uninfected control mice (A) and mice infected with C. rodentium (C.r.) (B), H. polygyrus (H.p.) (C), or both (Co-inf, coinfected) (D) were sacrificed 2 wk afer bacterial infection. Five-micrometer sections of frozen colonic tissue (in OCT) were cut and fixed in ice-cold acetone. After washing with PBS, the sections were blocked with PBS and 1% BSA. The tissue sections were incubated with anti-CD11b-FITC (green) and biotin-labeled anti-F4/80 Ab followed by streptavidin-Cy3. The sections were analyzed by immunofluorescence microscopy. Magnification, ϫ400. All images were digitized and cropped in Adobe Photoshop LE 5.0 (Adobe Systems). E, The mean number of positive cells detected in each high power field (magnification, ϫ200) was determined by counting 10 fields from each sample (samples from three mice per group were counted). 
Helminth infection-associated macrophage recruitment in colon tissues of the coinfected host is STAT6 dependent
Prior reports have demonstrated that intestinal colonization with C. rodentium induces a significant CD3 ϩ and CD4 ϩ T cell infiltration into the colonic LP that stimulates a predominant Th1-type immune response in the intestine characterized by up-regulation of IFN-␥, TNF-␣, and IL-12 (10, 11, 28, 29) . Our recent study demonstrated that a helminth-induced Th2 response contributes significantly to the development of exacerbated bacteria-mediated intestinal injury (16) . To determine whether the helminth-induced Th2 response contributes to the increased number of macrophages in mice coinfected with H. polygyrus and C. rodentium, we repeated the coinfection experiments described above by using STAT6 knockout (KO) mice, which are deficient in the functional differentiation of Th2 cells (30) . As shown earlier, we observed that C. rodentium infection induced the development of colitis in STAT6 KO mice, whereas coinfection with the Th2-inducing helminth failed to induce the exacerbated bacteria-mediated intestinal injury (16) . In addition, the results presented in Fig. 4 show that the increase in LP macrophage numbers seen in the H. polygyrus-and C. rodentium-coinfected WT (BALB/c) mice (Fig. 4, E and F) did not occur in the STAT6 KO animals (Fig. 4, A-D) . More significantly, we observed that H. polygyrus infection fails to induce the development and accumulation of alternatively activated macrophages in the colon of STAT6 KO mice, as evidenced by the markedly attenuated change in expression of Ym1, Arg1, and Fizz1 (compare the data in Fig. 5 with those in Fig. 3 ). In contrast, the up-regulation of iNOS by either C. rodentium infection alone or C. rodentium plus H. polygyrus is intact and even accentuated in STAT6 KO mice, indicating the normal development of classically activated macrophages in these mice. These observations indicate that the observed helminth-induced increase in the appearance of alternatively activated macrophages in the colon involves a STAT6-dependent mechanism. 
Helminth-stimulated macrophages display reduced microbicidal activity
The immunohistology observations described above (Fig. 1) indicate a marked increase in colonic macrophages in helminth-coinfected mice. Despite this increase in macrophage number, our earlier studies showed that coinfected animals have elevated numbers of bacteria in the tissues (16) , suggesting that the macrophages are unable to control bacterial multiplication effectively. To address this possibility, we isolated macrophages from the spleen and MLN of control and helminth-infected mice, infected the cells with C. rodentium in vitro, and used the gentamicin protection assay as a measure of macrophage microbicidal function (31) . Our results show that macrophages isolated from helminth-infected mice (both spleen and MLN) internalized similar numbers of bacteria at 2 h after infection compared with cells isolated from normal control animals (Fig. 6A) . However, at 6 h after the initial bacterial infection the number of viable bacteria recovered from macrophages that were isolated from the helminth-infected host was significantly higher compared with the macrophages isolated from normal mice (Fig. 6A) , indicating an impaired bacterial killing capacity of helminth-stimulated macrophages.
To further explore the functional alterations of macrophages induced by helminth infection, peritoneal macrophages from normal polygyrus (H.p) (C), or both (co-inf, coinfected) (D) were sacrificed 2 wk after bacterial infection. BALB/c mice infected with H. polygyrus (E) and coinfected (F) were included as controls. Magnification, ϫ400. Five-micrometer sections of frozen colonic tissue (in OCT) were cut, fixed, and stained for CD11b (green) and F4/80 (red) as described in the Fig. 1 legend. and H. polygyrus-infected mice were collected. Real-time RT-PCR analysis confirmed that peritoneal macrophages isolated from helminth-infected mice, similar to macrophages isolated from other sites (MLN, spleen, and colon) (Fig. 2) , also displayed an alternatively activated phenotype as indicated by the up-regulation of Ym1, Fizz1, and Arg1 (data not shown). Using these readily available peritoneal macrophages, we were able to visualize the influence of helminth infection on the uptake and subsequent elimination of C. rodentium by macrophages in vitro by using GFP-expressing C. rodentium. To this end, peritoneal macrophages from both control and helminth-infected mice were collected and grown on coverslips. After overnight incubation at 37°C, the cells were infected with GFP-expressing C. rodentium for 1 h and placed in gentamicin-containing medium. Two and 6 h after antibiotic treatment, the cells were stained by using anti-F4/80 mAb and streptavidinAlexa 647. Immunofluorescence microscopic analysis showed that at the 2-h time point F4/80 ϩ macrophages isolated from both helminth-infected and control mice internalized bacteria equally well, as evidenced by the detection of similar frequency and intensity of GFP-C. rodentium in macrophages (96 Ϯ 3% of cells from control mice and 98 Ϯ 2% of cells from helminth-infected mice were GFP ϩ ) (Fig. 6B) . At the 6-h time point the number of cells that contained bacteria was significantly less in the case of the macrophages isolated from control animals (46 Ϯ 9.0% of cells from control mice were GFP ϩ vs 95 Ϯ 4.0% of cells from helminth-infected mice). This finding is in keeping with the results of the gentamicin protection assay described above (Fig. 6A) and further supports the idea that macrophages from helminth-infected mice are impaired in killing internalized bacteria. This impairment may contribute to the exacerbation of C. rodentium infection in helminth-coinfected mice.
Helminth stimulated macrophages are an important source of TNF-␣ in coinfected mice
We have recently observed that helminth coinfection significantly exacerbated bacteria-mediated colitis and up-regulated colonic TNF-␣ expression (16) . Because increased expression of TNF-␣ has been implicated in the pathogenesis of intestinal inflammation in both experimental models and human clinical studies (32, 33) , we were interested in determining the effect of helminth infection on macrophage production of this cytokine. In initial in vitro experiments we collected F4/80 ϩ macrophages from the colon, MLN, and spleen of helminth-infected as well as control mice and infected the cells with C. rodentium. As shown in Fig. 7A , we found that macrophages isolated from helminth-infected mice produced a similar level of TNF-␣ in response to C. rodentium infection compared with cells isolated from normal mice at 2 h after bacterial infection. However, at 6 h after infection a significantly higher amount of TNF-␣ production was detected in helminthstimulated macrophages than in control cells (Fig. 7B) , correlating with the increased bacterial load in these cells (Fig. 6A) .
To further examine the impact of helminth infection on the macrophage TNF-␣ response to enteric bacterial pathogens, we took an in vivo approach. We repeated the coinfection experiments and determined the contribution of helminth-induced, alternatively activated macrophages to the observed TNF-␣ response in the coinfected host. Colon sections of mice from different groups were costained with CD206 (used as a marker of alternatively activated macrophages) and anti-TNF-␣ Abs. Our results from immunofluorescence microscopic analysis show that C. rodentium infection results in the appearance of TNF-␣ producing cells, most of which were CD206
Ϫ (Fig. 7, C-G) . We also observed a low number of CD206 ϩ TNF-␣ expressing cells in helminth-infected mice. More dramatically, however, we found that in helminth-and C. rodentium-coinfected mice there was a significant increase in CD206 ϩ cells, i.e., alternatively activated macrophages, that produce TNF-␣. These observations indicate that alternatively activated macrophages are an important source of TNF-␣ in the colons of coinfected mice.
Exacerbated colonic pathology in mice with helminth coinfection is caused by uncontrolled C. rodentium infection
The observations of increased disease severity in coinfected mice and high bacterial output (Fig. 1F) and translocation into mucosal and systemic immune compartments suggest that coinfected mice were less able to control the bacterial infection (16) . It is known that macrophages can be activated by microbial pattern-recognition receptors such as TLRs, produce proinflammatory cytokines, and play a role in bacterial recognition and elimination. We now provide evidence to suggest that helminth coinfection induces the development of alternatively activated macrophages with impaired antimicrobial function. This leads to an uncontrolled infection of bacteria that have translocated through the disrupted intestinal epithelium, contributing to exacerbated bacteria-mediated colitis. This hypothesis predicts that reducing bacterial number would FIGURE 7. Helminth-induced, alternatively activated macrophages (Mac) (CD206 ϩ ) produce TNF-␣ in response to C. rodentium (C.r.) exposure. A and B, Macrophages were isolated from MLN of uninfected (Control) and H. polygyrus (Hp)-infected mice, incubated overnight in complete DMEM, and then exposed to C. rodentium for 1 h. Two (A) and 6 h (B) after infection, culture supernatants were collected. TNF-␣ production of MLN macrophages was measured by ELISA. The data shown are the mean ϩ SE of triplicate cultures. ‫,ء‬ p Ͻ 0.05 for a comparison of cells isolated from uninfected mice vs cells obtained from helminth-infected mice. C-F, Colon tissues were prepared as in Fig. 1 . The tissues were stained with anti-CD206 Ab (red) and anti-TNF-␣ (green). The immunofluorescence microscopic analysis showed that C. rodentium infection induced TNF-␣ production by cells other than CD206 ϩ cells (D). H. polygyrus infection results in the induction of TNF-␣ producing cells that express the alternatively activated phenotype (CD206 ϩ ) (E). Helminth and C. rodentium coinfection (F) resulted in a marked increase in alternatively activated macrophages that produce TNF-␣ in colon tissues. G, The mean number of TNF-␣ ϩ , CD206 ϩ , and CD206 ϩ TNF-␣ ϩ cells detected in each high power field (ϫ200) by counting five fields from each sample (three mice from each group were counted). Different letters represent significant differences ( p Ͻ 0.05). Co-inf, coinfected.
ameliorate the colitis seen in the coinfected animals. To directly test whether a failure to effectively control enteric bacteria contributes to increased disease severity in coinfected mice, we performed another set of coinfection experiments with the modification that starting at 1 wk after bacterial infection some coinfected mice were given drinking water containing oxytetracycline (0.8 mg/ml; Sigma) for 1 wk, which was shown previously to be effective in controlling C. rodentium infections (34) . As shown in Fig. 8 , we observed as anticipated that helminth-coinfected mice developed more severe intestinal pathology than mice with C. rodentium infection alone (Fig. 8) . Interestingly, our results further show that antibiotic-mediated bacterial clearance in coinfected mice was associated with a significant reduction in the colitis (Fig.  8) . These results support the idea that increased disease severity in coinfected mice is due to an inability to effectively control enteric bacterial infection.
Discussion
Intestinal helminth infections have been shown to have a significant impact on the occurrence and course of a number of other illnesses. Cross-regulatory suppression of Th1 immunity by the helminth-driven Th2 response has been suggested to alter the host response to concurrent bacterial infections. This may be particularly important in the developing world where chronic helminth infection coexists commonly with enteric bacterial pathogens. In contrast, recent evidence indicates that in the developed world a complete absence of helminth infection may predispose individuals to certain immune-mediated disorders (35) . The ability of helminths to attenuate damaging Th1-driven inflammatory responses in the host (5) (6) (7) (8) has prompted the evaluation of helminths as therapeutic agents for the treatment of some immune-mediated disorders, including inflammatory bowel disease (9) . Thus, a better understanding of immune modulation by helminths will have important public health implications. The coinfection model that we recently developed allows us to explore the mechanisms by which helminths affect the capacity of the host to develop an appropriate immune response to other concomitant pathogens or Ags. Using this model we have shown that coinfection with H. polygyrus results in alterations in mucosal responses to concomitant bacterial pathogens and the development of an exacerbated bacteria-mediated intestinal injury (16) . Furthermore, our recent study provided evidence to indicate that helminth-primed DCs are involved in the dampening of protective Th1 responses. This in turn may allow for increased colonization and proliferation of the microorganisms and a delayed clearance of the infecting bacteria, leading to more severe tissue damage and disease (24) . In the current study, we have expanded our previous observations and investigated the role of helminth-stimulated macrophages in this process and examined the influence of potent helminth-induced Th2 activation signals on the phenotype and function of macrophages. Because macrophages in the intestinal mucosal are strategically positioned in the LP in close proximity to enteric bacteria that have breached the epithelium, these cells can contribute significantly to the effector phase of the immune response, i.e., elimination of bacteria, and they also act as critical mediators of many chronic inflammatory diseases.
We show that a primary H. polygyrus infection, which is chronic in nature, induces the development of alternatively activated macrophages in both mucosal sites (MLN and LP) and systemic compartments such as the spleen and peritoneal cavity. We further show that the exacerbated C. rodentium-mediated colitis that develops in H. polygyrus-coinfected mice correlates with the marked accumulation of alternatively activated macrophages in colonic LP via a STAT6-dependent mechanism. Functional analysis indicates that these helminth-stimulated macrophages have an impaired ability to effectively control the multiplication of phagocytosed C. rodentium. Presumably as a result of the increased bacterial load, these cells produce increased amounts of TNF-␣, a cytokine that has a well-established role in intestinal and other types of inflammation (32, 33) . Together with our earlier work showing a STAT6-dependent exacerbation of Citrobacter-induced colitis by H. polygyrus, the findings presented here suggest that helminth-induced, alternative macrophage activation contributes importantly to this process. Thus, our results provide a mechanistic explanation for the enhanced bacterial infection and exacerbated bacteria-induced intestinal injury in mice that are coinfected with H. polygyrus. Other effects of helminth infection on the response to Citrobacter may also play a role and are the subject of ongoing investigations in our laboratory.
The nature of microbial Ags and T cell-derived cytokines can have a profound influence on the heterogeneity and activation status of macrophages. Our observation of the STAT6-dependent accumulation of colonic alternatively activated macrophages in the coinfected host demonstrates a role for the helminth-induced Th2 response in the modulation of macrophage phenotype and the outcome of a concurrent enteric bacterial infection. In line with our observations, a recent study that used an anti-helminthic drug-abbreviated infection protocol showed that, during H. polygyrus challenge infection, IL-4 production by memory CD4 ϩ T cells in the small intestine led to a localized accumulation of alternatively activated macrophages in a STAT6-dependent fashion (22) . In addition, recent evidence suggests that STAT6 may directly control the transcriptional activation of genes implicated in the alternatively activated phenotype such as Arg1 (36) and Tfec (37) . Helminths may also influence macrophages directly, independently of effects on T cells. A recent study demonstrated that the helminth structural molecule chitin, a biopolymer of N-acetyl-␤-D-glucosamine, has the ability to act on macrophages to induce the alternatively activated phenotype (38) . These observations raise the possibility that helminth parasites may induce the development of alternatively activated macrophages locally in the small intestine and that these cells may circulate to the colonic tissue and systemic sites. However, our observations from STAT6-deficient mice showing a defect in the induction of alternatively activated macrophages during helminth infection support the idea that the helminth-induced Th2 response is responsible for the development of these cells. Therefore, in our model system it is likely that helminth-induced Th2 cells that differentiate in the small intestine or GALT migrate to the colon and elsewhere and influence macrophage phenotype and function at these distant sites.
In our current study, we also show that despite the inability to develop alternatively activated macrophages during helminth infection, STAT6 KO mice that were infected with C. rodentium alone or coinfected with helminth produced a robust, classically activated macrophage response (Fig. 5) . The failure of helminthinduced, alternative macrophage activation, together with the uncompromised classical pathway of macrophage activation, provides an explanation for the observation that H. polygyrus infection in these animals is not associated with poor control of Citrobacter multiplication and the corresponding exacerbation of the bacterial colitis.
Although helminth-induced, alternatively activated macrophages have been suggested to act as an effector cell population contributing to helminth parasite elimination (22) , our results presented here demonstrate that the macrophages stimulated by helminth infection are unable to effectively control the concomitant enteric bacterial pathogens. This conclusion is supported by the results from two different in vitro assays showing the presence of a significantly higher number of intracellular viable bacteria in macrophages from helminth-infected mice (Fig. 6, A and B) . These results are consistent with a recent report that showed that alternative activation of macrophages by the Th2 cytokine IL-4 supported the growth of the intracellular pathogen Mycobacterium tuberculosis in association with impaired NO production (39) . Alternatively activated macrophages are known to produce a reduced amount of NO (40) , but it remains to be determined whether this characteristic accounts for the impaired clearance of C. rodentium by these cells. Our ongoing studies are exploring the basis for the compromised antimicrobial activity of helminth-stimulated macrophages in controlling the growth of phagocytosed C. rodentium. Regardless of the precise mechanisms for the reduced killing of C. rodentium, it is clear that the resultant increase in tissue bacterial load directly contributes to the worsening of colitis. When we reduced the number of bacteria by antibiotic treatment in coinfected mice, the intestinal inflammation was significantly attenuated (Fig. 8) .
Helminth-induced, alternatively activated macrophages contribute not only to the impaired host protection against concomitant enteric bacterial infection but also to the enhanced production of TNF-␣ in response to the bacteria. Although current views suggest that the TNF-␣ response is associated with activation of classically activated macrophages during microbial infections, the results from the present study provide in vitro and in vivo evidence to indicate that helminth-stimulated, alternatively activated macrophages are also important sources of TNF-␣ in coinfected mice (Fig. 7) . These observations are supported by a recent report showing that macrophages pretreated with various cytokines (including the Th2 cytokine IL-4) and then restimulated with LPS produced an enhanced amount of the proinflammatory cytokines TNF-␣ and IL-12 while retaining the alternatively activated phenotype (41). Our results suggest, therefore, that an increase in the number of helminth-induced, alternatively activated macrophages may contribute significantly to the observed exacerbated intestinal injury in coinfected mice by the production of TNF-␣. Factors other than increased TNF-␣ production may also play a role in the helminthinduced worsening of Citrobacter colitis.
Quantitative real-time RT-PCR analysis of colon tissues shows an up-regulation of expression of various genes that are associated with alternatively activated macrophages in the colons of H. polygyrus-infected and -coinfected, but not in C. rodentium-infected, mice (Fig. 3) . In C. rodentium-infected mice the expression of iNOS, a classically activated macrophage-associated gene, was significantly up-regulated. In helminth-coinfected mice the gene expression pattern associated with both types of macrophages was detected, suggesting that in these mice the driving forces for both classical and alternative activation are present. It is possible that in addition to impaired bacterial killing capacity, alternatively activated macrophages present at the site of bacterial infection may influence the functional properties of the other cell types in the vicinity, including macrophages. By releasing IL-10 and CCL17 (42) , alternatively activated cells can exert suppressive effects on classically activated macrophages. In addition, alternatively activated macrophages may suppress CD4 T cell responses by a TGF-␤-dependent mechanism (43).
In conclusion, our investigation provides evidence suggesting that helminth coinfection can impair host protection against concurrent enteric bacterial infection and promote bacteria-induced intestinal injury through a mechanism that involves the induction of alternatively activated macrophages with a reduced bactericidal activity. The results from our recent studies together with the current investigation provide evidence to indicate that the immunomodulation of bacterial infection and bacteria-mediated intestinal inflammation by helminth parasites involves multiple mechanisms, including regulatory as well as effector cells in both the innate and the adaptive immune systems. The results described in this study, along with ongoing study of the coinfection model, will provide a framework for a better understanding of the immunomodulatory effects of helminths, yielding information not only for establishing novel and more effective treatments for immune-mediated diseases but also for the design of effective intestinal vaccines for the prevention and treatment of microbial diseases in the areas where multiple infections coexist.
